The majority of the fish passages built in the Neotropical region are characterised by low efficiency and high selectivity; in many cases, the benefits to fish populations are uncertain. Studies conducted in the Canal da Piracema at Itaipu dam on the Parana River indicate that the system component designated as the Discharge channel in the Bela Vista River (herein named Canal de deságue no rio Bela Vista or CABV), a 200 m long technical section, was the main barrier to the upstream migration. The aim of this study was to evaluate the degree of restriction imposed by the CABV on upstream movements of Prochilodus lineatus and Leporinus elongatus, Characiformes. Fish were tagged with passive integrated transponders (PIT tags) and released both downstream and upstream of this critical section. Individuals of both species released downstream of the CABV took much more time to reach the upper end of the system (43.6 days vs. 15.9 days), and passed in much lower proportions (18% vs. 60.8%) than those tagged upstream of this component. Although more work is needed to differentiate between fishway effects and natural variation in migratory motivation, the results clearly demonstrate passage problems at the CABV.
Introduction
The Paraná River and its principal tributaries have been impounded by multiple hydroelectric dams. This has converted a once free-flowing river to an extensive cascade of highly regulated reservoirs. This has caused a dramatic alteration in the hydrograph, most notably through the attenuation of flood peaks. The presence of these dams has been particularly damaging to populations of migratory fishes, which can suffer from fragmentation of populations. In addition to the barriers themselves, the combined effects of inundated reservoirs and flow regulation reduce or prevent access to important habitats for spawning, growth, and initial development .
Managers and engineers have attempted to mitigate the effects of dams on migratory fish species by building fish passages, such as ladders, locks, migration channels and elevators (Larinier, 2002a (Larinier, , 2002b . Despite several attempts to evaluate these fish passages summarized in a special volume of Neotropical Ichthyology (2007, volume 5, number 2) , there is still a very limited understanding of how migratory species use these fish passages, and there are many doubts regarding their efficiency, particularly in the Neotropical region (Agostinho et al., 2002; Agostinho et al., 2008) .
The reach of the Paraná River between the Itaipu reservoir and the dams of Rosana and Porto Primavera (UHE Eng. Sérgio Motta-CESP), represents the last remaining lotic reach of this watershed in Brazilian territory, with important potential for the maintenance of the potamodromous population species (Agostinho et al., 2000) . The tributaries of the Itaipu reservoir and the floodplain of the upper Paraná River, upstream of this reservoir, are very important for reproduction of migratory species (Agostinho et al., 1993) . It was observed that at least six of the ten most frequently fished species in the reservoir complete their life cycle in the upstream part of the basin (Agostinho et al., 2004; Okada et al., 2005) .
The Bela Vista River is the main section of the Canal da Piracema at Itaipu Dam that with the technical fish passage section contains the only large-scale partially nature-like fish passage in South America ( Fig. 1 ; Agostinho et al., 2007) . Designed to mimic natural stream channels, the nature-like fish passages are widely thought to provide superior passage performance for a wide range of species and life stages (Wildman et al., 2002) . These claims are largely unsubstantiated, however, and in many cases they perform no better (or even worse) than more technical designs (Bunt et al., 2011) . The monitoring of the Canal da Piracema began in 2004, with the collection of data from its diverse segments (mainly with gill nets and circular casting nets), and with radiotelemetry. Data on the captures determined that fishes of diverse migratory species use the Canal da Piracema during their migratory phase (Fontes Jr., pers. comm.) . Although individuals of some species successfully pass the Canal, available data suggest that passage may be poor (Hahn, 2007; Makrakis et al., 2011) , and the system component designated as the Discharge channel in the Bela Vista River (herein named Canal de deságue no rio Bela Vista or CABV), a 200 m long technical section, was the main barrier to the upstream migration. Although detailed data are lacking for other systems, low fish ascension efficiency coupled with species selectivity appears to be a common characteristic of South American fish passages (Oldani & Baigún, 2002; Agostinho et al., 2002 Agostinho et al., , 2007 Makrakis et al., 2007a; Godinho & Kynard, 2009 ). However, the fish pass efficiency for South American rivers must consider its capability to maintain viable populations (Pompeu et al., 2012) .
Fish passage evaluation by PIT telemetry is gaining popularity (Castro-Santos et al., 1996; Aarestrup et al., 2003; Teixeira & Cortes, 2007) and it can be a highly effective and low-cost methodology for studying movements of fishes of varying sizes and morphologies (Prentice et al. 1990; Franklin et al. 2012) . It is particularly useful for quantifying movements through confined structures like fish passages (Castro-Santos et al., 1996) . Like other telemetry methods, PIT telemetry can provide continuous monitoring at fixed locations, which allows for evaluation of the environmental factors (e.g., water temperature and flow rate) on movement and passage success (Lucas & Baras, 2000) . Here, we present one such study designed to verify and improve our understanding of the degree of restriction imposed by the Canal de deságue no rio Bela Vista (CABV) on upstream migrating fishes. The objectives of this study were to evaluate the degree of restriction imposed by the CABV on upstream movements of Prochilodus lineatus (Valenciennes, 1837) and Leporinus elongatus (Valenciennes, 1850), Characiformes, and to verify their movements in the Canal da Piracema technical sections. The aim of this study was to test the hypothesis that the CABV represents a barrier to the ascent of fishes in the Canal, by delaying their movement.
Material and Methods

Study area
The Canal da Piracema is a fish passage located adjacent to the Itaipu Hydroelectric Power Plant, Paraná State, Brazil. The system is intended to reconnect the Paraná River, downstream of the Dam with the Itaipu reservoir, surmounting a difference in water level of 120 metres. The Canal da Piracema comprises two large subsystems. The lower section ('naturelike reach') is a nature-like fish passage, being constructed within the original streambed of the Bela Vista River and Brasília Stream. The upper section ('technical reach') comprises several technical designs, including multiple ladders, channels, and lakes of various designs and dimensions, connecting the nature-like section with the Itaipu reservoir (Fig. 1) .
The nature-like reach, with a length of approximately 6.7 km, represents 2/3 of the total length of the system and 57.5 m elevation gain (48% of total), with the Bela Vista River as its principal component. This river originally possessed a broader catchment basin, which was captured and inundated by the construction of the Itaipu dam in 1982. For the next 20 years its flow was reduced, draining only a watershed of modified land associated with the construction of the Itaipu project ( Fig. 1) . When the Canal da Piracema was built in 2002, the flow in the Bela Vista River was once more increased by more than 20 times.
The technical reach begins (from the downstream end) in the original Brasília streambed, approximately 850 m upstream of its confluence with the Bela Vista River. The first component of this subsystem is a structure called the Canal de deságue no rio Bela Vista (CABV), with a length of 200 m, width of 5 m, height of 2.5 m and a difference in levels of 12.5 m, that results in a gradient of 6.25%. The CABV is fitted with 38 deflectors of reinforced concrete, spaced 4 metres for each other, forming a section of ladder steps with a turbulent flow.
The CABV drains the Lower Lake (herein named Lago inferior or LAIN), with an area of 1.2 ha and a maximum depth of 2 m, which is fed by the several technical designs of the upper sections (Fig. 1 ). In the water intake area there is the Control Dike (herein named Dique de regulagem or DIRE), situated at the very end of the earthen dam of the Itaipu Reservoir. For a detailed description of these components consult Fiorini et al. (2006) and Makrakis et al. (2007b Makrakis et al. ( , 2011 . Physical characteristics of the canal differed among sections. Mean water velocities were highest in the sections comprising the Bela Vista River and the CABV, with means ranging 1.4-1.7 m s . This condition has been shown good to attract fish and provide migration along the whole system.
Telemetry
The PIT-tag system (or as it is often called, a Radio Frequency Identification, or RFID system) used in his study was the TIRIS S 2000 system (Castro- Santos et al., 1996; Zydlewski et al., 2001; Haro, 2002) . The PIT telemetry has been used to monitor the movement of migratory species in the Canal da Piracema since December 2009.
Three pass-through antennas were installed for this study, each of 2.0 x 1.2 m, in the Dique de regulagem (DIRE) at the upper end of the system, at a distance of approximately 3,500 m from the area where the fishes were tagged and released. The DIRE is part of the intake area of the Canal da Piracema and it has three gates to control water flow in the system. The antennas were placed into wood structures which were fixed on the bottom and walls of the gates housing.
Overall transit time and passage success was measured from the CABV to the DIRE as elapsed time from release to first detection at the DIRE. In order to differentiate between passage through the CABV and passage through upstream sections, fish were released from two locations, upstream and downstream of the CABV. Passage performance through the CABV was estimated as the difference in percent passage and transit time between the upstream-and downstreamreleased groups.
Data collection
In the period from December 8, 2009 to February 26, 2010, 219 individuals of two migratory species (181 Prochilodus lineatus, mean total body length 54 cm, range 39.5-70.0 cm, and 38 Leporinus elongatus, mean total body length 53.5 cm, range 40.5-64.5 cm) were tagged. Of these, 91 P. lineatus and 26 L. elongatus were caught and released in the Bela Vista River and the Brasília stream (downstream of the CABV or downstream release group), and 90 P. lineatus and 12 L. elongatus were caught and released in the Lago Inferior (LAIN), upstream of the CABV or upstream release group (Fig. 2) . These species are abundant at Canal da Piracema, where they were captured using a circular casting net.
All fish were anaesthetized with eugenol, measured (total length and standard length), and tagged surgically by implanting 32 mm transponders using a No. 15 scalpel blade. The insertion was on the abdomen of the fish to the right or left of the midventral line and between the tips of the pleural ribs. No suture or glue was needed. The time of induction and recovery were about one and three minutes respectively. PIT data were logged using custom software that interfaced with the PIT system and recorded tag number, location, and time to the nearest 0.01 s (CastroSantos, 2000) .
Data Analysis
Transit times were measured as the time elapsed between the release time and the first observation on the PIT system at DIRE. Percent passage was calculated for each species as number detected by the PIT system divided by the number released. The data were presented evaluating the ascent (in percentages) for the species tagged. To evaluate the ascension probabilities of fish in the Canal da Piracema, we used a survival analysis (Allison, 2010) . The use of survival analysis helps to detect which parts of the fish passage hinders the passage or even impedes fish ascension Makrakis et al., 2007b) . In this analysis, we used time of ascent as the response variable (event) determined by the time span between release and detection at the antenna (Haro et al., 2004; Makrakis et al., 2011) . The time elapsed between the moment of release and the moment of passing through DIRE was measured, and estimates of 'survivorship' functions for the time elapsed were calculated using the Kaplan-Meier (SAS 9.3, 2010) of event-time analysis (Kaplan & Meier, 1958; Allison, 1995; Castro-Santos & Haro, 2003) . Individuals tagged that didn't pass until the end of study were censored (type I censoring).
To test the difference between the groups (fish species and sites CABV and LAIN) checking the proportion passing and transit time we used the survivorship curves by applying the PROC LIFETEST (SAS 9.3, 2010) and analyzed the logrank and Wilcoxon statistics for each treatment group, followed by an estimate of their covariance matrix. The tests readily generalize to three or more groups, with the null hypothesis that all groups have the same survivor function. If the null hypothesis is true, the test statistics all have chi-square distributions with degrees of freedom equal to the number of groups minus 1.
The univariate procedure was applied to test for normality of data using SAS 9.3.
Results
Of the 219 fish released of both species, 83 (37.9%) passed upstream through the system. Overall percent passage of P. lineatus was 41%, with much greater passage among individuals released upstream of the CABV (62.2%) compared with those released downstream of the CABV (19.8%, SAS logistic procedure P<0.001; Table 1 ). Although the sample size was much smaller, a similar pattern was observed for L. elongatus: 50.0% passage for fish released upstream vs. 11.5% passage for those released downstream of the CABV (P=0.015; Table 1 ). Furthermore, during the monitoring in the Canal da Piracema, the RFID system suffered short random outages caused by the need to replace equipment (antenna, reader, computer) and power outages, but this may be small influence in the results because for the three downstream release groups (Dec 8, 2009 n=53; Dec 23, 2009 n=50 and Feb 26, 2010 n=15) the percent passage were similar (19%, 16% and 20%, respectively) . A more comprehensive description of passage performance is provided by comparing rates.
The reduction in passage success caused by the CABV appears to have been caused at least in part by increased delays incurred through that part of the fishway. Passage rates were far slower for downstream-released fish compared with upstream-released fish (Figure 3) . The curves show that for both species the CABV acts as a barrier by reducing movement rate over time. Of the fish released in the LAIN that successfully passed the system, median passage time was 11 days, whereas median passage time for those released downstream of CABV was 36 days.
The chi-square tests of the null hypothesis that the survivor functions are identical across the four strata (L. elongatus CABV, L. elongatus LAIN, P. lineatus CABV and P. lineatus LAIN) were significant at the 0.05 level. Both the log-rank and Wilcoxon tests comparing downstream and upstream release groups were also significant (Allison, 2010) .
Discussion
The results show that fish released downstream of the CABV took much longer to reach the DIRE in comparison with those released in the LAIN, supporting earlier observations that the CABV is the greatest bottleneck of the artificial subsystem Makrakis et al., 2007b Makrakis et al., , 2011 . Substantial delays occurred above the CABV as well, however, significant barriers may exist even for fish that pass the CABV. The long migratory delay incurred at both of these sites could affect survival, especially if there are predators present within the Canal da Piracema. It could also influence reproductive viability for those individuals that do passafter passing the DIRE they still must negotiate a large impoundment, and they must do so while conditions remain appropriate for spawning. Although the effects of delays on spawning success have been widely hypothesized among north-temperate species (e.g. Chanseau et al., 1999; CastroSantos & Haro, 2003) , actual data demonstrating the problem are sparse. This largely reflects the difficulty of collecting the necessary data from individuals, however, in many cases there is sufficient knowledge about the importance of migration timing to reproduction and survival to justify the concern. Whether those same concerns are applicable to Neotropical migrants is an open question: unlike the temperate zones, where conditions vary widely and predictably, favourable conditions for spawning are much less predictable in the tropics, and it is possible that Neotropical migratory fishes have adopted strategies (e.g. feeding during migrations) that allow for greater flexibility in the face of migratory delay. Further research is needed on life history and natural delays, in both tropic and temperate regions, to improve understanding of the importance of delay to reproductive success and survival.
Passage success through upstream fishways depends primarily on two factors: i) the capacity of the fishes to find and enter the system, and ii) the capacity of the fishes to pass through the length of the system (Aarestrup, 2003; Bunt et al., 1999 Bunt et al., , 2011 Castro Santos & Haro, 2010) . Although the efficiency of the Canal da Piracema has not been evaluated as a whole, various migratory species, but specially P. lineatus and L. elongatus are abundant in the Bela Vista River (Makrakis et al., 2007b) . This may be result of the barrier represented by the CABV to the upstream migration. Apparently the design of the CABV (see description in Material and Methods) is not compatible with the swimming capability of P. lineatus that may find it difficult to overcome these conditions over 200 m. Water velocity in the CABV reaches is less than 3 m 3 /s, but the slope is the highest of the system, and may produce velocities in some zones that exceed swimming ability of some species. In addition, this zone is highly turbulent, which might pose both behavioural and physical barriers to movement (Martinez et al., 2001; Tritico & Cotel, 2010) . The swimming capacity of Brazilian fishes is an important parameter for dimensioning fish passages, although no fish passage yet built takes into consideration this important characteristic of the Neotropical species . Research in this area is recently being conducted in Brazil (Santos et al., , 2008 Sampaio et al., 2009) (Kaplan & Meier, 1958) . Censored observations are indicated by x's and represent the time elapsed between release and the last observed passage event for either species.
released downstream and upstream of the CABV was also significant. Although the number of individuals of this species tagged was lower than P. lineatus, the Figue 3 shows that the two species are very similar, and the added delay shows that retardation of movement, rather than a complete obstacle, can be the cause of the reduced passage for some individuals.
Results can have been influenced by the RFID system efficiency, mainly to L. elongatus with low number of individuals tagged. The efficiency of the stationary RFID system as used in this study was variable. Field studies using large PIT antennas have reported variable efficiency, ranging from 70%-100%, depending on study and location (Zydlewski et al., 2001; Franklin et al., 2012) . Despite this and the random outages, the current study demonstrated that at least 18% of the fishes tagged downstream of the CABV and 60.8% of the upstream release group, the majority being P. lineatus, reached the upper end of the transposition system. This number, besides still low to determine the success of a fish passage, is greater than previous estimates (Makrakis et al., 2007b (Makrakis et al., , 2011 , and shows that at least some P. lineatus, and also some L. elongatus are able to ascend the fish passage. For the individuals tagged in the LAIN, at least 50% of L. elongatus and 62.2% of P. lineatus were able to reach to DIRE. This result approaches those obtained by the use of radiotelemetry, which observed an efficiency of 30.1% of the fish released in the LAIN (Hahn, 2007) . It is important to recognize that this is an underestimate of the percent passage, considering that the behaviour of the migratory species is determined by variables made manifest over a large temporal scale. In addition to this, the illegal fishing in the area (certified in 20% of the samples tagged with radio-transmitters) (Hahn, 2007) , as well as the hydraulic and environmental conditions, affect the efficiency of the fish passages, whose results can vary greatly in experiments (Makrakis et al., 2011) . All these factors possess the potential to hinder the interpretation of the data (Castro- Santos et al., 1996; Castro-Santos & Haro, 2003) .
Although the passage estimate was biased low by equipment failures, passage times were long for both treatment groups. Even a conservative estimate suggests that the most numerous fish spent an average of 27 days passing just the CABV, and delay incurred throughout the system appears to have been sufficient to interfere with spawning and other life history events. More study is needed to better understand the magnitude of these delays and to provide better estimates of passage success through the various reaches of the Canal da Piracema, but the current study suggests that significant problems exist.
The motivation for the ascending movements can be diverse. For P. lineatus, that presented the largest rates of ascent, one must consider the possibility of a predominantly reproductive motivation, or of dispersal, since it is hardly likely that such an abundance observed of this species in the system could be related to the trophic stimulus, due to its illyophagous feeding habit and the apparently low availability of this type of food in the system. This was also verified by Makrakis et al. (2007a) in the fish ladder located in the Porto Primavera, situated approximately 250 km upstream of the Itaipu reservoir. In that same hydro plant, Volpato et al. (2009) , observed that P. lineatus individuals found in the upper part of the ladder were significantly larger than those found in the lower part, suggesting selectivity related to the size of the fishes. In the Canal da Piracema, however, the total length of the tagged (39.5-70.0 cm) and detected (39.5-62.6 cm) individuals did not show any evidence of selectivity in that range of sizes.
The PIT telemetry, despite the antennas cover only one section (DIRE) in the system, permitted identifying the delay in the movement of P. lineatus and L. elongatus due to the CABV, which probably occurs with other species. However, the use of this technology in the Canal da Piracema should be further explored so that can be still possible to configure and install antennas in the CABV and other sections along the system. Meaningful evaluations of fish passage performance require that individual movements be monitored (CastroSantos et al., 2009; Bunt et al., 2011) , ideally separating components of approach, entry, and passage (Bunt et al., 1999; Castro-Santos & Haro, 2010) , and explicitly quantifying passage performance in units of proportion of the available population passing per unit time . The current study has represented the first attempt to quantify passage rates, but more work is needed to integrate this information with the other elements of passage performance through this system.
The continuation of the monitoring and the installation of additional antennas along the length of the system will be of fundamental importance in the determination of the migratory movements and in the evaluation of the possible utilization of the mechanism as a seasonal dispersal route, or as a habitat for species that find favourable conditions for remaining in the system.
